Background: The quality of induced pluripotent stem (iPS) cells might be inherently worse than embryonic stem cells. Results: Although the differentiation capacity of iPS cells is limited, it can be enhanced. Conclusion: Improving their level of pluripotency alleviated the limited capacity of iPS cells. Significance: This report offers an effective strategy for the development of iPS cell-based research.
Mammalian cells can be directly reprogrammed into induced pluripotent stem (iPS) 3 cells by the introduction of defined sets of transcription factors (1) . A variety of differentiated somatic cells have been reprogrammed into iPS cells as cellular model systems for use in regenerative medicine, drug screening, and the exploration of early embryonic development (2, 3) . The discovery that human somatic cells can be reprogrammed into iPS cells has given researchers a noncontroversial alternative source of pluripotent human cells. Moreover, iPS cell technology could overcome immune rejection after the transplantation of differentiated iPS cells (4 -6) . These iPS cells are similar to their embryo-derived counterparts, ES cells, in their phenotypic characteristics, including their cell morphology, their expression of pluripotency markers, and their capacity to differentiate into germ layers in vivo and in vitro. However, recent studies comparing their tumorigenic potential, DNA methylation status, expression of imprinted genes, and chromatin structures, have suggested that iPS cells are a subset of pluripotent stem cells that is influenced by the somatic cell of origin and cell culture conditions (2, (7) (8) (9) (10) . The differences observed between ES cells and iPS cells and among the iPS cells themselves could be explained by incomplete genomic reprogramming (8, 11, 12) . However, there is little information about whether these differences between ES cells and iPS cells are actually reflected in their capacities to differentiate in vitro (12) . Therefore, a careful analysis of pluripotent stem cells is necessary to evaluate their safety for use in human regenerative therapies.
To evaluate the safety of iPS cells, it is essential to develop translational research using several animal species. In this context, animal models are expected to play important roles before any clinical trials of iPS-based therapies can be ethically approved (13) . iPS cells have been successfully established from several animal species other than the mouse and human, including the monkey, rat, pig, rabbit, horse, and sheep (14 -19) . The iPS cells from each species confer specific benefits on the development of translational research and the generation of genetically modified animals. For example, the laboratory rabbit (Oryctolagus cuniculus) is closer phylogenetically to primates than are rodents (20) . It has a short gestation period (31 days) and shows high fecundity. For these reasons, a number of research groups have long used the rabbit in biomedical research, and it has served as a model for human diseases (21, 22) . Many of these diseases are lifestyle-related, and their prevalence is increasing rapidly in developed countries. Rabbit models are important because the etiologies of some human diseases are more similar to those exhibited by rabbits than to those exhibited by mice. Several ES cell lines have been generated and characterized and share major important characteristics with human ES cells (23) (24) (25) (26) (27) (28) . We have successfully reprogrammed liver and stomach cells of adult rabbits, which are very similar to rabbit ES cells (15) . These iPS cells of rabbits will probably be used as a laboratory model of human iPS cells. They fulfill all the requirements for the acquisition of a fully reprogrammed state, showing strong similarity to ES cell counterparts that we have recently generated. However, although the global gene expression profile of the rabbit iPS cells became closer to that of the rabbit ES cells as the number of cell passages increased, a slight but clear difference between the two types of rabbit pluripotent stem cells remained.
Here, we analyzed the efficiency of the in vitro neural differentiation of rabbit ES cells and iPS cells originating from different tissues (liver and stomach) and with different culture periods (early and late iPS cells), which might cause differences in their global gene expression profiles. The limited differentiation capacity of the iPS cells was improved with continuous passage and the conversion of the rabbit iPS cells to a more immature, naive-like state, like that of mouse ES cells, which exhibit unlimited self-renewal while retaining the attributes of preimplantation epiblasts in terms of their identity and potency. Thus, by using rabbits, we can effectively characterize these different pluripotent stem cells in parallel under the same experimental conditions to evaluate the ultimate feasibility of using them for pluripotent stem cell-based regenerative medicine in humans.
EXPERIMENTAL PROCEDURES
Cell Culture-The rabbit pluripotent stem cell lines used can be roughly divided into five categories as follows: liver-derived iPS (iPS-L); stomach-derived iPS (iPS-S); early passage (before passage number 7) iPS (e-iPS); late passage (after passage number 17) iPS (l-iPS); and ES cells. The Dutch rabbit ES cell lines (rdES2-1 and rdES6) and Dutch rabbit iPS cell lines (iPS-L1, iPS-L2, iPS-L3, iPS-S1, iPS-S2, and iPS-S3) were generated and maintained using established methods (15) . Briefly, rabbit pluripotent stem cells were plated onto mitomycin-C-treated mouse embryonic fibroblasts at a concentration of 6 ϫ 10 3 /cm 2 at 38°C under 6% CO 2 in air. The culture medium (embryonic stem cell medium) consisted of 78% DMEM/Ham's F-12 supplemented with 20% knock-out serum replacement (KSR) (Invitrogen), 1% nonessential amino acids, 0.1 mM ␤-mercaptoethanol, and 8 ng/ml human recombinant basic fibroblast growth factor (Wako, Osaka, Japan).
In Vitro Neural Differentiation-To induce neural differentiation, rabbit pluripotent stem cells were digested with trypsin, suspended in EB medium containing 78% DMEM/Ham's F-12, 20% KSR, 1% nonessential amino acids, 50 units/ml penicillin, 50 g/ml streptomycin, 0.1 mM ␤-mercaptoethanol, 1% N-2 supplement (Invitrogen), 4 M all-trans-retinoic acid (Sigma), and 10 M SB431542 (Tocris Bioscience, Bristol, UK). The final cell concentration was adjusted to 1 ϫ 10 4 cell/ml. To achieve single EBs of a uniform size, 1,000 ES cells in a volume of 100 l were dispensed into the wells of low cell adhesion 96-well round-bottomed plates (Nunc, Thermo Fisher Scientific, Waltham, MA), tapped gently, and cultured at 37°C under 6% CO 2 in air. After 2 days, 100 l of fresh medium was added to each well. The EBs were picked randomly, and their mean diameters were measured microscopically. Five days after EB formation, the EBs were transferred to Matrigel-coated (BD Biosciences) 4-well multidishes (Nunc) and allowed to attach to the bottoms of the wells. Twelve EBs were transferred to each well. The medium was then changed from EB medium to neural differentiation medium (the same formulation as EB medium, with the addition of 10% KSR). The cells were cultured for 10 days at 37°C under 6% CO 2 . The medium was replaced with fresh medium every other day. To obtain differentiated oligodendrocytes, six EBs per well were placed on Matrigel-coated 4-well dishes 5 days after EB formation and cultured in neural differentiation medium. After 10 days, the medium was changed from neural differentiation medium to the culture medium without retinoic acid or SB431542 but with 100 ng/ml Noggin (Wako). The cells were cultured for a further 20 days, with fresh medium supplied every day. The appearance of each neural cell type was detected by immunocytostaining.
RT-PCR Analysis-Total RNA was isolated with ISOGEN (Nippon Gene, Toyama, Japan) from cells cultured under the appropriate conditions. After DNase treatment to prevent contamination with genomic DNA, the first strand cDNA was synthesized using a TaKaRa RNA PCR kit (TaKaRa Bio Inc., Shiga, Japan). The synthesized cDNA was amplified with PCR using the specific primers listed in supplemental Table S1 , with a cycling program of 94°C for 3 min and 35 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s. For quantitative RT-PCR, a LightCycler 96 (Roche Applied Science) was used to determine mRNA expression levels using the Fast Start essential DNA green master (Roche Applied Science), with a program of 94°C for 10 min, 40 cycles of 94°C for 10 s, 60°C for 10 s, and 72°C for 10 s.
Immunocytochemical Analysis-Marker expression was analyzed by fixing the differentiated cells that had attached to the bottoms of the culture plates in 4% paraformaldehyde for 30 min at room temperature and then washing them three times (5 min each) with Tris-buffered saline containing 1% BSA (wash buffer). To permeabilize the cells, they were treated with 0.1% Triton X-100 in wash buffer for 10 min and then incubated in blocking solution (10% normal donkey serum and 1% BSA in wash buffer) for 30 min. The following primary antibodies were used: mouse anti-Tuj1 (TUJ1) and sheep anti-GFAP (R&D Systems, Minneapolis, MN); mouse anti-␣-smooth muscle actin (SMA) (Abcam, Cambridge, MA); goat anti-GATA4, goat antinestin, and mouse anti-O1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA); and mouse anti-CNPase (Sigma). All antibodies were diluted in blocking solution and incubated with the samples overnight at 4°C. The next day, the cells were washed three times with wash buffer and incubated with secondary antibodies at room temperature for 1 h. The cells were washed again three times with wash buffer and covered with 50% glyc-erol containing DAPI. The fluorescent signals were detected and analyzed quantitatively using a BZ-9000 Series All-in-One fluorescence microscope and BZII image analysis system (Keyence, Osaka, Japan).
Quantitative Assessment of Neural Differentiation-A quantitative immunocytochemical analysis of the differentiated immunopositive cells was performed after their differentiation was induced from the same numbers of uniformly sized EBs (6 or 12 per well) for the same duration. The immunopositive cells were analyzed quantitatively using a BZ-9000 image analyzer. Cells positive for nestin, TUJ1, GFAP, and ␣-SMA were analyzed. Because the core region of the EB attachment area constituted a large immunopositive cluster, it was not counted as a single immunopositive cell. Instead, the immunopositive area per unit area of the well was measured. The area of DAPIlabeled nuclei on each image is defined as the total cell area per unit area of the well. The immunopositive area/DAPI area is the "neural differentiation index." To compare the neural differentiation efficiencies of each pluripotent stem cell line, the neural differentiation index in the presence of RA and SB431542 was normalized to that in the absence of RA and SB431542. To compare the capacities of the rabbit pluripotent stem cells to differentiate into oligodendrocytes, we compared the neural differentiation indices for cells cultured in the presence of RA and SB431542 calculated from the immunopositive signals for O1 and the merged signals for O1 and CNPase per unit area of each well.
Conversion of Rabbit iPS Cells to the Naive-like State-To convert rabbit iPS cells to the naive-like state, CSII-EF-hOct3/ 4-IRES-Venus, which drives the expression of human OCT3/4 and of GFP under the control of the EF1␣ promoter, was introduced into rabbit iPS-L1 and iPS-S1 cells using a lentivirus. Two days after transfection, the rabbit iPS cells were passaged to mouse embryonic fibroblasts at a concentration of 36 ϫ 10 3 / cm 2 . The culture medium consisted of 38% DMEM/Ham's F-12 and 38% Neurobasal Medium supplemented with 20% KSR, 1% N-2 supplement, 2% B27 supplement, 2 mM GlutaMax, 1% nonessential amino acids (Invitrogen), 0.1 mM ␤-mercaptoethanol, 10 M forskolin (Sigma), 5 M kenpaullone (Calbiochem), 3 M CHIR99021 (Stemgent, Cambridge, MA), and 0.1% human leukemia inhibitory factor (Wako). Three days after passage, the GFP-positive colonies were picked and seeded into other culture plates. The rabbit iPS cells in the naive-like state were passaged by incubating the cells with 0.25% trypsin/EDTA for 3 min at 38°C. After termination of the trypsin reaction by serum treatment, the cells were mechanically disaggregated into single cells. The cells were then counted in a hemocytometer, resuspended, and seeded into other culture plates.
Teratoma Formation-To generate teratomas, 1-2 ϫ 10 6 rabbit iPS cells that had been converted to the naive-like state were injected under the kidney capsules of 5-8-week-old SCID mice. Four to 8 weeks after transplantation, the teratomas were dissected and fixed in paraformaldehyde, as described above. Paraffin wax sections were stained with hematoxylin and eosin. Production of Chimeric Embryos-To evaluate whether the naive-like iPS cells could contribute to the inner cell masses (ICMs) of rabbit and mouse blastocysts to produce chimeric embryos, CSII-EF-hOct3/4-IRES-Venus was introduced into iPS-L1 and iPS-S1 cells, which were cultured under primed state or naive-like conditions, before being injected separately into rabbit and mouse 8-cell embryos. Naive-like iPS cells were trypsinized to dissociate them into single cells or small clumps. The recipient embryos were recovered from superovulated females at the 8-cell stage, following natural mating (for rabbit embryos) or after in vitro fertilization (for mouse embryos). The iPS cells (n ϭ 10 -20) were injected into the perivitelline spaces of the 8-cell embryos using a Piezo-driven micromanipulator. Two days after injection, the contribution of the injected cells to the ICM of each blastocyst was determined by the presence of GFP fluorescence.
DNA Microarray Analysis-The rabbit 60-mer oligonucleotide DNA microarray (G2519F, Agilent Technologies, Santa Clara, CA) was used in this study. DNase-treated total RNA was labeled with Cy3 dye (GE Healthcare) using a Quick Amp labeling kit (Agilent Technologies) and hybridized to the microarray slides for 17-18 h at 65°C. The scanned images of microarray slides were processed using Feature Extraction software (version 10.5, Agilent Technologies). Clustering and principal component analyses of microarray data were performed with 16,000 genes stably detected in the samples by Gene Spring GX 12.5 (Agilent Technologies). The distance metric of clustering was calculated using Camberra.
Statistical Analysis-Mean values were compared using oneway analysis of variance. Where appropriate, the significance of differences between means was determined with Fisher's exact probability test; p Ͻ 0.05 was considered significant. All experiments were analyzed in triplicate at least.
RESULTS

In Vitro Differentiation of Rabbit ES Cells into Neural Lineage
Cells Induced by RA and SB431542-Previously, we have detected in vitro differentiated neurons and astrocytes in spontaneously differentiated rabbit pluripotent stem cells (15, 25, 28) . Using this method, rabbit pluripotent stem cells were first induced to form EBs by suspension culture and then allowed to differentiate in the presence of FBS. However, several other lineages of differentiated cells also appeared in this in vitro differentiation system. Because one of the critical issues to be resolved in the clinical application of human pluripotent stem cells is the precise control of cell differentiation to the expected cell types, we compared several rabbit pluripotent stem cell lines for their differentiation capacity under established neural differentiation conditions (29, 30) . The schedule for neural differentiation is shown in Fig. 1A . RA and a TGF␤ inhibitor, SB431542, are known to promote the neural differentiation of ES cells in EB cultures. Thus, treatment with RA and SB431542 triggers massive neural differentiation and represses mesoendodermal differentiation. Our previous method was based on a suspension culture of dissociated rabbit pluripotent stem cells that underwent spontaneous re-aggregation in 1-2 days. After 5 days of suspension culture, the aggregates were subjected to adhesion culture. In this original method, the rabbit ES cells formed EBs of several sizes. Here, we used an established set of conditions under which the formation of the aggregates was more tightly controlled (31) . Dissociated rabbit ES cells (1,000 cells per well) were cultured in each well of a low cell adhesion 96-well (U-bottomed) plate. In this procedure, the cells reaggregated quickly (within a few hours) and formed a uniformly sized cell mass in each well. Although several sizes and shapes of EBs were observed in the uncontrolled suspension culture, uniform EBs were formed in the 96-well plates (Fig. 1, B and C). To evaluate this neural differentiation system, we examined the mRNA expression of the pluripotent stem cell markers OCT3/4 and NANOG and the neural stem cell marker NES, at 2 and 5 days after EB formation (Fig. 1D) . The pluripotent stem cell markers had decreased or disappeared 2 days after EB formation. The expression of OCT3/4 disappeared completely in the presence of RA and SB431542. In contrast, the neural stem cell marker NES was detected 5 days after EB formation. NES expression was higher in the presence of RA and SB431542 than in their absence. These results suggest that treatment with RA and SB431542 not only causes the breakdown of pluripotency in rabbit ES cells but also effectively induces them to undergo neural differentiation.
Five days after EB formation in a 96-well low cell-adhesion plate in the presence or absence of RA and SB431542, the EBs were picked out and plated onto a Matrigel-coated 4-well plate at a density of 12 EBs/well. Ten days after attachment under neural differentiation conditions, the cells were analyzed immunocytochemically using early neural differentiation markers for neural stem cells (nestin), neurons (neuron-specific class III ␤-tubulin, TUJ1), and glial astrocytes (GFAP). A mesodermal marker, ␣-SMA, and an endodermal marker, GATA4, were also examined to assess other than neural differentiation ( Fig. 1 , E and F, and supplemental Fig. S1 ). In the absence of RA and SB431542, the rabbit ES cells partly differentiated to neural lineage cells, together with high densities of ␣-SMA-positive non-neural cells. Conversely, in the presence of RA and SB431542, the rabbit ES cells effectively differentiated into neural lineage cells, although the nestin signals increased only moderately. Importantly, ␣-SMA-positive cells were rarely detectable in the presence of RA and SB431542. The endodermal marker, GATA4, also disappeared in these conditions (supplemental Fig. S1 ). These results indicate that treatment with RA and SB431542 caused the rabbit ES cells to differentiate selectively into neural lineage cells.
Comparison of the Early Neural Differentiation of Rabbit ES and iPS
Cells-Our previous study demonstrated that the global gene expression profile of rabbit iPS cells became more similar to that of rabbit ES cells as the number of cell passages increased. However, a clear difference between the two types of rabbit pluripotent stem cells persisted (15) . After we had established the system to evaluate the neural differentiation of rabbit pluripotent stem cells, we examined stomach-and liver-derived early iPS cell lines (e-iPS), in which introduced transgenes are incompletely silenced (15) , in the neural differentiation system to compare their differentiation capacities with ES cells (Fig. 2, A and B) . Although stomach-derived e-iPS cell lines (e-iPS-S1, e-iPS-S2, and e-iPS-S3) differentiated to neural stem cells, neurons, and astrocytes, with a degree of differentiation similar to that observed in rabbit ES cells, the liver-derived e-iPS cell lines (e-iPS-L1, e-iPS-L2, and e-iPS-L3) showed significantly limited ability to differentiate into all the neural lineage cells examined. In contrast, non-neural differentiation was effectively suppressed by treatment with RA and SB431542 in all the rabbit pluripotent stem cell lines examined. These results suggest that liver-derived e-iPS cell lines not only have a different global gene expression profile to that of ES cells (15) but also an inferior capacity for neural differentiation. However, despite the differences in the global gene expression profiles of the ES cells and stomach-derived e-iPS cells (15) , these cells showed almost identical differentiation capacities when induced to differentiate into an early neural lineage. 
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To evaluate the early neural differentiation capacity of the late iPS (l-iPS) cell lines, e-iPS cell lines were cultured further to produce l-iPS cell lines and induced to undergo early neural differentiation (Fig. 2, C and D, and supplemental Fig. S2 ). Both the stomach-derived and liver-derived l-iPS cell lines showed differentiation activity similar to ES cells. These results suggest that the significantly lower early neural differentiation activity of the liver-derived e-iPS cell lines could be greatly improved by continuous passages, as far as the early phase of in vitro neural differentiation.
Rabbit iPS Cells Have a Limited Capacity to Differentiate into
Oligodendrocytes-It is possible that the early neural differentiation system used in this study cannot identify differences in the global gene expression profiles of the rabbit ES cells and l-iPS cells. To clarify the differences in their capacities to differentiate in vitro, rabbit pluripotent stem cells were induced to undergo further neural differentiation into oligodendrocytes. These are a more mature neural cell type than other neural cells such as neural stem cells, neurons, or astrocytes (32, 33) . Because the differentiation of pluripotent stem cells into oligodendrocytes was effectively induced by the addition of Noggin, further culture in the presence of Noggin was examined for 20 days (Fig. 3A) . Differentiation to oligodendrocytes was evaluated with a marker for early oligodendrocytes, the monoclonal antibody O1, and a marker for mature oligodendrocytes, CNPase. In this experiment, one image was obtained (Fig. 3B) in which a CNPase-positive cell was merged with part of an O1-positive early oligodendrocyte. This suggests that a mixed population of early and moderately differentiated oligodendrocytes was generated under these culture conditions. When oligodendrocytes were induced to differentiate from rabbit ES cells, about 1,500 O1-positive cells were detected per well and about 30% of them were positive for CNPase. However, even if these culture periods were extended for over 60 days, no immunopositive cells with ramified branches, a morphological characteristic of the more mature form of oligodendrocytes, were detected. Although stomach-derived e-iPS cells and ES cells showed almost the same ability to differentiate into early neural cells (Fig. 2) , the capacity of the stomach-derived e-iPS cells for differentiation into oligodendrocytes was significantly lower than that of the ES cells (Fig. 3, B and C, and supplemental Fig.  S3 ). The differentiation capacity of liver-derived e-iPS cells into oligodendrocytes was worse than the stomach-derived e-iPS cells ( Fig. 3C and supplemental Fig. S3 ). Furthermore, the low level differentiation into oligodendrocytes observed in the e-iPS cell lines was only slightly improved in the l-iPS cell lines, and neither could differentiate to the same degree as did the ES cell lines (Fig. 3, B and C) . These results suggest that the differences observed in the global gene expression profiles of the ES cells and l-iPS cells reflect their different capacities to differentiate into more mature neural cells, such as oligodendrocytes. resent a more advanced "differentiated" state than that shown by naive state ES cells. Actually, unlike naive state ES cells, primed state EpiSCs are highly inefficient in repopulating the ICM upon aggregation with or injection into host preimplantation embryos (35, 36) . Because human and rabbit pluripotent stem cells so far have only assumed the primed state, their in vitro differentiation might be less effective than naive state pluripotent stem cells. However, several studies have demonstrated that primed state pluripotent stem cells can be converted to naive state cells by genetic manipulation or even by altering their culture conditions (10, (37) (38) (39) (40) . To overcome the limited differentiation capacity of iPS cells by naive-like conversion, primed state iPS cells (iPS-L1, L2, and L3 and iPS-S1, S2, and S3) were transfected with a lentivirus to introduce a transgene driving human (h)OCT3/4-GFP expression under the control of the EF1␣ promoter. After transfection with hOCT3/ 4-GFP, there were no obvious changes in their karyotype or the ability to form teratomas (data not shown). The transfected rabbit iPS cells were cultured in serum-free N2B27 medium in the presence of LIF, the glycogen synthase kinase 3 (GSK3) inhibitors, CHIR99021 and kenpaullone, and an activator of adenylate cyclase, forskolin. This naive-like conversion generated cells that were almost morphologically indistinguishable from mouse ES cells, which showed GFP and alkaline phosphatase activity (Fig. 4A) . RT-PCR analysis also demonstrated expression of the endogenous stem cell marker genes OCT3/4, KLF4, SOX2, c-MYC, and NANOG (Fig. 4B) . Moreover, the increased expression of the candidate genes, KLF4 and KLF5, 16 ) and primed state iPS-S1 (PN 16 ) cells (left panels), and of the naivelike state iPS-L1 (N 34 ) and iPS-S1 (N 41 ) cell colonies (right panels), which all expressed EF1␣ and hOCT3/4-GFP (middle panels) and alkaline phosphatase activity (bottom panels). The passage number is denoted "PN number " or "N number." B, RT-PCR analysis of the expression of selected pluripotency-related genes in naive-like converted iPS cells. Endogenous pluripotent stem cell marker genes were still expressed after 26 passages following naive-like conversion (referred to as N 26 ). C, increased expressions of rabbit KLF4 and KLF5 after naive-like conversion were confirmed by quantitative RT-PCR. D, EF1␣-OCT3/4-GFP expression in rabbit blastocysts 48 h after an injection into 8-cell embryos of primed state iPS-L1 (PN 16 ) cells and iPS-S1 (PN 16 ) cells (left eight panels) or naive-like iPS-L1 (N 39 ) and iPS-S1 (N 40 ) cells (right eight panels). When primed state iPS cells were injected, putatively differentiated iPS cells with almost no hOCT3/4-GFP expression could not contribute to the ICM of blastocysts (arrowheads). Lower magnifications (top panels) and higher magnifications (bottom panels) are shown. Scale bars, 100 m.
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which are responsible for maintaining a naive pluripotent state, were confirmed by quantitative RT-PCR (Fig. 4C) . To assess the pluripotency of the naive-like state iPS cells after their naivelike conversion, they were transplanted into SCID mice, and the formation of teratomas was confirmed (data not shown). To distinguish these modified pluripotent stem cells, which overexpressed hOCT3/4-GFP and were subjected to primed or naive-specific culture conditions, we termed them PN-and N-type iPS cells, respectively. Although the EF1␣-controlled expression of hOCT3/4-GFP was observed in the initial phase of in vitro differentiation, almost all the GFP signal was reduced during the early phase of neural differentiation (supplemental Fig. S4 ). To evaluate whether these N-type iPS cells contributed to the ICMs of blastocysts, PN-and N-type iPS cells were injected into rabbit 8-cell embryos and cultured in vitro to allow the blastocysts to develop. As reported by Tachibana et al. (41) , the P-type iPS cells when injected into preimplantation embryos differentiated and could not integrate into the ICM. However, the N-type iPS cells readily colonized the ICMs of the blastocysts, maintaining homogeneous hOCT3/4-GFP activity (Fig. 4D) . Moreover, the N-type iPS cells effectively contributed to the ICMs of mouse blastocysts to generate interspecific mouse/rabbit chimeric embryos (supplemental Fig. S5 ). Finally, we compared the capacities to differentiate into oligodendrocytes in vitro of rabbit ES cells (rdES2-1 and rdES6) and N-type iPS cells (Fig. 5A) . The differentiation capacity of the N-type iPS cells increased more than that of the P-type iPS cells. Interestingly, stomach-derived naive-like iPS-S1, -S2, and -S3 cells showed a significantly enhanced differentiation capacity, equivalent to that of rabbit ES cells. Moreover, by naive-like conversion, all of the stomach-derived iPS cell lines effectively differentiated into the morphologically more mature form of oligodendrocytes with ramified branches, which were not observed even when ES cells differentiated (Fig. 5B) . However, the liver-derived naive-like iPS cells could not be modified sufficiently to equal the degree of differentiation of the ES cells, and they rarely produced mature oligodendrocytes even after naive-like conversion.
DISCUSSION
To compare several rabbit pluripotent stem cell lines precisely using an in vitro differentiation system, uniform EBs were formed in a low cell adhesion plate in the presence of RA and SB431542. Several reports have shown that EB-mediated differentiation efficiency is dependent on the EB size. EB formation from individual pluripotent stem cells through spontaneous aggregation was inefficient, resulting in a heterogeneous size distribution and uncontrolled differentiation lineages (42) . The down-regulation of Wnt signaling has been shown to be one of the mechanisms involved in the RA-induced neural differentiation of mouse ES cells (43) . The addition of RA promotes the development of neural progenitors in EBs from human ES cells, as does the simultaneous inhibition of activin/nodal and bone morphogenetic protein signaling (44, 45) . The activin/nodal signaling pathway has been implicated in the inhibition of default neuroectodermal differentiation and in the maintenance of pluripotency in human ES cells (46) . The drug SB431542 has been shown to enhance neural induction in EBbased human ES cells. SB431542 inhibits the TGF␤/activin/ Lefty pathway by blocking the phosphorylation of ALK4, ALK5, and ALK7 receptors (47) . Moreover, we have shown here that the addition of the bone morphogenetic protein antagonist Noggin, at a specific step in the neural induction of rabbit pluripotent stem cells, allows oligodendrocyte precursors to progress toward mature oligodendrocytes, as demonstrated previously in mouse and human ES cells (48) . Thus, the effects of RA, SB431542, and Noggin on the neural induction of rabbit pluripotent stem cells have been confirmed, and we have emulated their effects on the pluripotent stem cells in mouse and human.
In our previous study, the global gene expression profile of stomach-derived e-iPS cells was more similar to that of ES cells than to that of liver-derived e-iPS cells (15) . This study has demonstrated that stomach-derived iPS cells are better in their in vitro neural differentiation capacity than liver-derived iPS cells. Stomach-derived iPS cells have a similar capacity to differentiate in vitro into an early neural lineage of cells as do ES cells, even in early passages. This result implies that if the target cells to be generated by in vitro differentiation and the donor cells from which the iPS cell lines are derived are chosen carefully, differentiated tissues almost identical to those pro- duced from ES cells can be obtained, even in the early stages of establishment. Furthermore, the limited capacity of liver-derived e-iPS cells to differentiate into early neural lineages is improved by repeated passages to l-iPS cells and equals the capacity of ES cells. Koehler et al. (49) reported that the efficiency of in vitro neuronal conversion depends on the complete reprogramming of iPS cells by extensive passaging. Our observations suggest that the advanced reprogramming induced by repeated passages could normalize the limited differentiation capacity of e-iPS cells to the point of early neural differentiation. In contrast to early neural differentiation, when iPS cells differentiated to oligodendrocytes, the ineradicable differences between the ES cells and iPS cells, which could not be overcome by repeated passages, were clarified (Fig. 3) . Rabbit pluripotent stem cells were defined as EpiSC-type or primed state stem cells; these are rarely competent to contribute to blastocyst chimeras and are therefore developmentally and functionally distinct from naive state mouse ES cells (15, 25, 28) .
In this study, we successfully generated and maintained rabbit iPS cells in a naive-like state by the continuous overexpression of hOCT3/4 under appropriate culture conditions. Hanna et al. (38) reported that human ES cells could be converted to the naive-like state by the overexpression of OCT3/4, KLF4, and KLF2 under the appropriate culture conditions. When exogenous Yamanaka factors, controlled by the CMV promoter, were effectively silenced in rabbit pluripotent stem cells (15) , an additional human OCT3/4 gene was overexpressed under the EF1␣ promoter. The EF1␣ promoter is known to maintain the expression of exogenous genes in human ES cells (50) . Although the genetically unmodified culture conditiondependent naive-like state rabbit iPS cells could not be maintained for longer than 2-3 passages, naive-like rabbit iPS cells were effectively maintained by the continuous overexpression of hOCT3/4. Hierarchical clustering and principal component analysis from DNA microarray studies demonstrated that the global gene expression profiles of the liver-derived iPS cells (iPS-L (P)) were shifted close to those of ES cells by overexpression of hOCT3/4 (iPS-L (PN)), and then elevated their expression profile to a naive-like state (iPS-L (N)).
However, the global gene expression profiles of stomachderived iPS cells (iPS-S (P)), which showed comparatively similar profiles of ES cells, were shifted by hOCT3/4 overexpression as passing through that of iPS-S (PN) and then elevated to that of a naive-like state (iPS-S (N)) (supplemental Fig. S6, A  and B) . The putative stem cell qualities concerning in vitro neural differentiation capacity and chimeric contribution are summarized in supplemental Fig. S7 . Because naive-like iPS cells could be differentiated more effectively into neural lineage cells than their primed state counterparts, naive-like conversion before the iPS cells are induced to differentiate should be a standard procedure for therapeutic applications. However, our research has also demonstrated that there is a limitation that cannot be overcome by naive-like conversion. Although primed state stomach-derived iPS cells effectively differentiated into oligodendrocytes after naive-like conversion, liver-derived iPS cells did not do so as effectively (Fig. 5) . These results suggest that the donor cell type for iPS cells restricts their capacity for in vitro differentiation, even after naive-like conversion. Naivelike rabbit iPS cells could be effectively introduced into mouse embryos, as well as into rabbit embryos. It is well known that naive pluripotent stem cells from the mouse and rat can be incorporated into the ICMs of blastocysts to form interspecific chimeric embryos and chimeric offspring (51, 52) . The production of an interspecific chimera that consists of a mouse preimplantation embryo and the pluripotent stem cells from another animal species could be used as an indicator of their pluripotency. However, because the GFP signal of the naive-like iPS cells generated in this study disappeared after differentiation (supplemental Fig. S4 ), it was difficult to evaluate chimerism in more developed embryos or in pups. It has been reported that although the EF1␣ promoter can drive the strong expression of exogenous genes in pluripotent stem cells, in vitro differentiation resulted in the loss of their expression (53) . Our next objective is the derivation of rabbit naive pluripotent stem cells, which could be controlled via their hOCT3/4 expression by doxycycline and confirmed by their germ line transmission in chimeric rabbits, and then assessment of the in vitro differentiation capacity of these cells. Recently, new methods for establishing high quality pluripotent stem cells in a naive-like state have been developed in the human and pig (38, 54, 55) , so naivelike conversion could be standardized in several research areas. Pluripotent stem cells are initially generated in rabbits in a primed state and can then be converted to the naive-like state. Moreover, the high fecundity and short gestation period of the rabbit and the lenient research ethics involved in its use make chimeric assays feasible. For these reasons, the rabbit offers a very valuable model system for the development of cell-based translational research.
In conclusion, we compared the differentiation capacities of rabbit pluripotent stem cell lines using an in vitro neural differentiation system. In the early phase of neural differentiation, although only a limited capacity to differentiate was observed in the liver-derived e-iPS cells, it was equivalent to the capacity of the ES cells when liver-derived l-iPS cells were used. Moreover, when these pluripotent stem cells were induced to differentiate to oligodendrocytes, which occurs in the mid or late phase of neural differentiation, none of the iPS cell lines examined could differentiate to the same degree as the ES cells. However, when the iPS cells were previously converted to a naive-like state, they readily differentiated into oligodendrocytes with characteristic ramified branches, which were not observed even when ES cells differentiated. These results indicate that although rabbit pluripotent stem cells vary in their gene expression profiles and in their neural differentiation capacities, the limited differentiation capacity of the primed state iPS cells can be boosted by continuous passages or naive-like conversion.
Shortly before the submission of this paper, naive-like conversion of rabbit pluripotent stem cells by Osteil et al. was published on line (56) . This demonstrated the naive-like conversion of rabbit pluripotent stem cells and detailed characterization before and after naive-like conversion, as we also showed in this study. We stress here the possibility of naive-like conversion by other procedures by overexpression of hOCT3/4. Importantly, the main objective in our research is to elucidate the difference of targeted in vitro differentiation capacity and the possibility to improve the limited capacity of iPS cells by naive-like conversion. 
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CNPase merge Figure S3 FIGURE S3. Immunocytochemical analysis of marker proteins for early oligodendrocytes (O1) and mature oligodendrocytes (CNPase). These were examined in e-iPS cells (liver-derived e-iPS-L1 cells, top panels; stomach-derived e-iPS-S1 cells, bottom panels). Scale bar = 100 µm.
iPS-L1 (N  30 ) iPS-S1 (N  26 ) A B iPS-L1 (N  30 ) iPS-S1(N 26 ) Figure S4 FIGURE S4. Disappearance of GFP expression after in vitro differentiation. A. EF1α-hOCT3/4-GFP expression was observed in the initial phase of in vitro differentiation (5 days after EB formation; top panels). B. However, the GFP signal of the differentiated neurites that protruded from the EBs had almost completely disappeared in the early phase of neural induction (10 days after attachment; bottom panels). Scale bars = 100 µm.
